Mild steel is a relatively inexpensive material that is often effectively used for the storage and distribution of technical-grade hydrofluoric acid (70% HF). Uniform corrosion of HF storage tanks is inevitable and typically reaches 0.5 mm/a (Valkenburg, 2012) . The thickness of the steel is regularly monitored ultrasonically and documented during inspections so that the service life can be safely anticipated. However, despite the regular inspections and current contingencies in the HF plant at Necsa, an isolated case of HF leakage from two mild steel vessels during operation occurred without warning (Valkenburg, 2012) . The failure of both these vessels necessitated their premature decommissioning and uncovered a real need to understand the corrosion characteristics of mild steel used in the HF industry and recommend corrosion design improvements.
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The reason for the failure of the mild steel was traced to an excess of nitric acid (HNO 3 ) in the feedstock to the plant, which eventually concentrated in the technical-grade HF product downstream. The combined corrosion effect of HF and HNO 3 in the storage tanks led to their premature failure.
A study to simulate the corrosion conditions in the laboratory was required to better estimate the service life of the steels used in the HF plant. Understanding the effect of HNO 3 contamination on the plant's steels and the determination of corrosion inhibition strategies was essential. Laboratory immersion experiments were required to establish the corrosion characteristics of the mild steel used in a HF plant, which could be exposed to >50 ppm HNO 3 impurities. Neither published, nor quantitative, corrosion data on the corrosiveness of HF in the presence of an oxidizing agent were available at the time of the failure of the two technical-grade HF storage tanks at Necsa (Valkenburg, 2012) . In the absence of data, to understand the effects of the different concentrations and combinations of HF and HNO 3 , the only option was to reproduce the unique corrosive environment in a laboratory. The initial step was to develop a safe method for conducting immersion corrosion tests using chemically pure HF. The results from these experiments would then be used as a reference to compare the findings from future corrosion tests where HNO 3 contamination was introduced. Moreover, these laboratory tests would serve to establish whether the approach used was suitable for predicting the corrosion rates of the steel tanks and components in the plant in its present condition.
To determine the necessary duration of typical HF corrosion tests, planned interval corrosion tests (PICTs), as prescribed by Wachter and Treseder in ASTM Standard G31-72 (2004) , needed to be conducted safely. This work has been reported elsewhere (van der Merwe, Cornish and van der Merwe, 2016). Since safety implications when working with fuming HF (>60% HF) were a concern, initially the PICTs were used to establish the lowest HF concentration at which laboratory-scale tests could be conducted, while producing corrosion data that could be related to the corrosive conditions experienced in industry. Next, corrosion tests using the most suitable conditions could continue in which the effect of HNO 3 concentration would be the focus. However, the effect of HF concentration on mild steel corrosion was also accessible from the PICT results, which showed that varying corrosion forms and mechanisms occur at different HF concentrations. These results differed somewhat from published data (Craig and Anderson, 1994; Hansen and Puyear, 1996; Honeywell, 2002) and were therefore examined further in this study.
The material was a mild steel (SA 516 Gr 70), used as construction material for 70% HF storage tanks. The steel was initially hot-rolled to a thickness of 3 mm, then cut with a waterjet to produce coupons sized 25 × 25 × 3 mm. A 7 mm hole was cut in the middle of each coupon, which effectively produced a surface area of 15.39 cm 2 . Therefore, a total of four coupons would be allowed to hang from the corrosion rack during a 500 mL experiment, effectively exceeding the minimum ASTM target requirement of 30 mL/cm 2 per immersion experiment (Baboian, 2005) . Coupons were sandblasted and washed with acetone to remove mill scale prior to each experiment. All coupons were pre-passivated in HF for 24 hours at 25°C prior to each PICT. Pre-passivation was done to produce the protective scale layer essential for the use of mild steel in the HF industry (Jennings, 2007) .
The HF used for the PICTs was aqueous hydrogen fluoride (70% industrial grade) collected from the Pelchem SOC Ltd fluorochemical plant, situated on the site at Necsa. The 70% HF was a high-quality product (fluorosilicic acid 100 ppm, sulphuric acid 200 ppm and nitric acid <5 ppm) received in sealed 25 L bottles, which were intended for export by Protea Chemicals (Inland). The lower concentration HF solutions (40% and 48%) were analytical grade ( [NO 3 -] <5 ppm) solutions purchased from Merck (Pty) Ltd. Corrosion solutions were analysed at Pelindaba Analytical Laboratories (PAL) using volumetric titrations and inductively coupled plasma optical emission spectrometry (ICP-OES) to determine HF and metal concentrations in corrosion solution products.
Each experiment was conducted in a 500 mL Teflon bottle which was placed in a water bath to maintain the acid at a constant temperature while corrosion of the coupons took place ( Figure 1a ). The coupons were assembled into a cylindrical rack (made of Teflon) which was placed upright in the bottle (Figure 1b) . The HF was then poured into the bottle until the cylindrical rack holding the coupons ( Figure 1c ) had been completely covered. The bottle lid, with the 2 mm diameter drilled hole, was then screwed on. This allowed for the release of HF fumes in order to avoid pressure build-up in the Teflon container. The temperature was maintained at 25°C using an immersion cooler attached to the polypropylene lid, custom-made to cover the bath and which allowed the immersion cooler to hang freely in the water while being shielded from HF fumes by a polypropylene cylinder attached to the lid ( Figure 1a) . The lid over the water bath had a release valve in the open position, which channelled any HF fumes from the corrosion reaction to the extraction line of the fume cupboard, which led out to the KOH scrubber.
PICTs were allowed to run for periods of time experimentally determined by the planned interval tests of Wachter and Treseder in ASTM Standard G 31-72 (ASTM, 2009). Four coupons per bottle were introduced to a maximum of 500 mL HF. Subsequently, one coupon was removed from the corrosion rack at a specified time; this continued over the entire duration of a corrosion experiment, until all coupons had been removed. This was done to establish the metal samples' susceptibility to corrosion, the liquid's corrosiveness and the rate of the corrosion reaction under the simulated conditions. Following this standard method, the fourth coupon (B) was placed into the HF corrosion solution at the same time that the second coupon (A t ) was removed and allowed to corrode with the third coupon (A t + 1 ) for the remaining four days. In this way, comparing the corrosion rate measured for coupons 3 and 4, a change in the liquid corrosiveness could be compared to the criteria set out in the ASTM practice. In the same way, the susceptibility of the mild steel to the HF corrosion solution was determined by comparing the corrosion rate determined for coupon B to that of coupon A 2 (Tables I-III) . The mass loss for coupon A 2 was determined by subtracting the mass losses of coupons A t and A t-1 and the corrosion rate determined using the average density of the coupons in that batch (e.g. coupon 1-4 in Table I ).
Each time a coupon was removed from the bottle, it was rinsed with water and air-dried before storage in a desiccator. After testing, the corrosion products were removed from the coupons by ultrasonic cleaning for 30 minutes, followed by mechanical cleaning with a steel brush to ensure complete removal of the scale from the coupon prior to weighing. To calculate the corrosion rate (CR) in mm/a from metal loss the following equation was used: CR = 87.6 x (W/ At) [1] where W = weight loss (in mg), = density (in g/cm 3 ), A = area (in cm 2 ) of the coupons exposed to HF over time (in hours) based on ASTM Standard G31-72 (2004) . The convention is to measure corrosion rate in mils penetration per year (MPY) (Jones, 1996) . However, the constant (in this case K = 87.6) is dimensionless and changes with the conversion to the desired unit (in this case mm/a) (Davis and ASM International, 2000) .
In the PICTs, identical coupons were placed in the same HF solution in the 500 mL Teflon bottle. The temperature was kept constant at 25ºC for the entire time (t + 1). The symbols A 1 , A t , A t+1 and B were used to represent the corrosion damage experienced in each test (ASTM, 2009 ). Subsequently, A 2 was calculated by subtracting A t from A t +1 .
The data collected from the tests at different HF concentrations is shown in Tables I-IV and Figures 2-3. When HF contacts mild steel, a corrosive reaction takes place:
whereby scale forms on the surface of the steel and inhibits further attack of the steel (Hansen and Puyear, 1996) . Since this pre-passivation technique is applied in industry by allowing the storage tanks to be corroded by HF and HF fumes for 24 hours before commissioning (Jennings, 2007) , the coupons in the PICT experiments were pre-passivated to represent the starting condition of the steel used in calculating the mass loss in each case. Equation [1] was used to calculate apparent density and the nominal density of 7.85 g/cm 3 for mild steel was used throughout the study.
Corrosion characteristics of mild steel storage tanks in fluorine-containing acid 923 VOLUME 116 Honeywell Fluorine Products (Honeywell International Inc., 2014 ) is an HF supplier that documented the properties of HF to make technical and safety-related literature openly available in order to ensure safe usage of their products. From this literature, corrosion rates for carbon steel against HF concentration were provided and reported in MILS per year (1 MIL = 0.0254 mm). The values for average corrosion of mild steel were converted so that apparent corrosion rates from PICT tests measured after 192 hours could be compared (Figure 4) .
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From the corrosion tests conducted with both 40% and 48% HF, the criteria set in ASTM Standard practice G 31-72 indicated that the corrosion rate for the calculated A 2 value L 924 VOLUME 116 A 2 4-8 0.12 0.9 0.9 mm/a < 1.5 mm/a < 2.1 mm/a Liquid corrosiveness: Decreased Therefore: A 2 < B < A 1 Susceptibility to corrosion: Decreased was smaller than the rate measured for B, and therefore the metal's susceptibility to corrosion decreased during the test. Moreover, coupon B had a smaller corrosion rate than A 1 , and therefore the liquid corrosiveness also decreased. This combined situation (A 2 < B < A 1 ) indicated that the 40% and 48% HF significantly decreased in corrosiveness during the test and the formation of a partially protective scale on the steel was likely (Tables I and II) . The 70% HF PICT fell under the same criteria as the 40% and 48% HF tests. However, the corrosion rates determined for A 2 , B, and A1 were significantly smaller (Table II) . The A 2 and B values determined for the more corrosive 48% HF (Table II) were nearly five times larger than the 0.9 and 1.5 mm/a corrosion rates determined for 70% HF under the same conditions. Therefore, the corrodibility of the metal was much lower in 70% HF than in 48% and 40% HF. Similarly, the initial corrosion rate determined for 48% HF was in excess of 180 mm/a and approximately 86 times faster than the A 1 value for the 70% HF test. Therefore, the liquid corrosiveness of 70% HF was much less than was measured for the 48% and 40% HF PICTs. Irrespective of the safety risk aspects associated with 70% HF (van der Merwe, Cornish and van der Merwe., 2016), corrosion experiments with 70% HF produced slower, more steady corrosion rates and left an adequate portion of a coupon behind (<50% mass loss) for mass loss measurements after 8 days (Figure 2 ) to be best relatable to what was experienced in industry.
The lower the concentration of HF, the faster mild steel corrodes (Honeywell, 2002) . This was shown in Figure 3 . Notwithstanding that 48% HF was slightly more corrosive than 40% HF, the initial corrosion rate (over the first 24 hours) was much higher than for the 70% HF (2.1 mm/a). Thus, high corrosion rates (152-183 mm/a) were measured for HF below 50% concentration, despite the formation of the protective fluoride (FeF 2 ) scale layer during the prepassivation step. FeF 2 is soluble in water (Perry, 2011) and since there was a higher water balance in the low-concentration acids, the scale readily dissolved and the mild steel substrate was attacked by fresh HF. However, with increased time, the scale did stabilize and the corrosion rate decreased to below 25 mm/a. The 70% HF was more conducive to scale formation on the mild steel and corrosion rates did not exceed 2 mm/a over the entire 8-day test (Figure 3) .
The effect of HF concentration on the corrosion rate of mild steel after 192 hours (Coupon B, Tables I-III) was related to average corrosion rates reported in the Honeywell (2002) special chemical edition, where hydrofluoric acid properties were summarized (Figure 4 ). On average, lower HF concentrations (between 5 and 50% HF) resulted in significantly higher corrosion rates (>20 mm/a), while higher HF concentrations (>50% HF) corroded mild steel significantly slower (<2 mm/a). PICTs conducted over the HF range of 40% to 70% showed a similar trend to Honeywell (2002) (Figure 4) , although the peak appeared to shift to the right, with 40% to 48% HF producing the highest corrosion rates. However, corrosion experiments at HF concentrations below 40% were not conducted, therefore this peak shift could not be substantiated. Moreover, the corrosion rates measured differed significantly as the exact corrosive conditions (initial condition of the coupons, temperature, pressure and volume of HF used) were not known and therefore could not entirely be reproduced.
The corrosion solutions and coupons were observed over 8 days. Of the corrosion products (scale layer on coupons, corrosion solution and precipitates collected at the bottom of the bottle), only the corrosion solution was analysed. The coupons showed a heavily oxidized surface after prepassivation ( Figure 6 ). Iron fluoride (FeF 2 ) has a grey colour, while the ferric hydroxide (FeF 3 .3H 2 O) has a recognizable yellow-brown colour (Haynes, 2016) . The black colour is characteristic of oxidation (iron II/III oxide) of the steel (Haynes, 2016) , as the corrosion reaction was allowed to take place in a well ventilated bottle. A combination of all these coloured substances formed the scales on the coupon surfaces and contributed to the unique colours visible when the coupons were removed and dried after pre-passivation ( Figure 6 ).
The results in Table IV and images of the cleaned coupons after each test, differed significantly depending on the initial concentration of the HF in the corrosion solution (Figures 7-9 ). Pitting-type corrosion was present over the entire surface of the coupons exposed to 40% HF (Figure 7) . The 48% HF resulted in a visibly more aggressive attack over the entire surface of the coupons, reminiscent of uniform corrosion. The lower iron concentration (approx. 0.7% Fe) in the 48% HF corrosion products indicated that more iron was Corrosion characteristics of mild steel storage tanks in fluorine-containing acid VOLUME 116
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Corrosion characteristics of mild steel storage tanks in fluorine-containing acid present in the solid scale layer and precipitate compared to the 40% test (approx. 2% Fe). Therefore, in the 48% HF test, the HF was forming more scale on the coupon surface which broke off and fell to the bottom of the reaction bottle, allowing HF to uniformly attack the freshly exposed steel surface and form scale to repeat the corrosion process ( Figure  8 ). In contrast, the corrosion mechanism in the 40% HF was a visible pitting action (Figure 7) , which penetrated through the passivation scale and aggressively kept corroding under the scale previously formed, resulting in the highest mass loss over the entire period (Figure 3) .
No scales were found at the bottom of the Teflon bottles of the 70% HF tests and the colour of the corrosion solutions remaining almost unchanged from the initial HF introduced (Table IV) . The iron concentration analysed in the corrosion solution was less than 0.02%, with little HF being consumed over the entire test period (<1.5% HF). Here, the scale layer formed during the pre-passivation (Figure 9 ) succeeded in protecting the mild steel from further corrosion and produced a surface visibly free from corrosion, once the scale had been brushed off (Figure 9 ).
Corrosion results on SA 516 Gr 70 normalized mild steel indicated that HF concentrations below 48% were capable of producing corrosion rates above 180 mm/a. Conversely, the steel coupons placed in 70% HF corroded significantly slower (<2 mm/a after 8 days) and the corrosion rates were more closely related to those experienced in industry.
